Objective: A sex determining gene(s) has been mapped to a ,700 kb region distal to the exons of DMRT1 on 9p. The aim of this study was to examine gonadal developmental status in XX patients hemizygous for the 9p sex determining region. Design: Clinical and molecular studies were performed in an 8-year-old girl with 46,XX,del(9)(p22) (case 1) and in a 2-year-old girl with 46,XX,del(9)(p23) (case 2). Methods: Ovarian function status was assessed by gonadotrophin-releasing hormone (GnRH) tests. Hemizygosity for the sex determining region was examined by¯uorescence in situ hybridisation and microsatellite analyses for a total of 17 loci on distal 9p. Results: GnRH tests indicated mild gonadotrophin hyper responses in both cases (case 1: follicle stimulating hormone 9.2322.7 IU/l, luteinising hormone 0.7 3 16.6 IU/l; case 2: follicle stimulating hormone 7.6 3 38.2 IU/l, luteinising hormone 0.6 3 9.4 IU/l). Molecular studies showed hemizygosity for the 9p sex determining region in both cases. Conclusions: The results, in conjunction with previous reports describing sex development in XX and XY patients hemizygous for the 9p sex determining region, imply that haploinsuf®ciency of the 9p sex determining gene(s) primarily hinders the formation of the indifferent gonad, leading to a wide range of testicular or ovarian development.
Introduction
A sex determining gene(s) resides on the terminal 9p region (1) . This notion is primarily based on clinical ®ndings in XY patients with molecularly de®ned terminal 9p monosomy. Such XY patients exhibit a wide range of sex development from nearly normal male phenotype to complete sex reversal with defective testis formation (2) . The degree of male sex development is unrelated to the size of the monosomic region and independent of the parental origin of the deleted 9p chromosome (2) . Thus, it has been suggested that haploinsuf®ciency of the sex determining gene(s) escaping epigenetic imprinting leads to various degrees of testis formation and resultant male sex development.
The sex determining gene(s) has been located to a ,700 kb DNA sequence at the 9p telomeric region, on the basis of molecular studies in XY sex reversed patients with distal 9p monosomy (3) . In this context, it has been reported that, of the candidate sex determining gene DMRT1 (a human homologue for evolutionary conserved sex determining genes with a DNA binding domain) (4) and its related genes DMRT2 (5) and DMRT3 (6) , the promoter region of DMRT1 may be contained in the critical region, but the exons of DMRT1 as well as DMRT2 and DMRT3 map outside the critical region, with the order of 9pter-DMRT1-DMRT3-DMRT2-centromere (3, 6) . In addition, mutational analysis in a large series of XY sex reversed patients has failed to identify a de®nite mutation of DMRT1±3 genes (1). Thus, the sex determining gene(s) is still elusive, although DMRT1 remains the candidate gene at present.
Furthermore, it is uncertain whether ovarian development is preserved or impaired in XX patients missing the sex determining region, because clinical and molecular studies have been poorly performed in such patients. Here, we report on two Japanese XX patients with distal 9p monosomy, and discuss female gonadal development in distal 9p monosomy.
Case reports

Case 1
This girl was born at 39 weeks of gestation after an uncomplicated pregnancyand delivery. At birth, her length was 49.0 cm (^0 s.d.), her weight was 2.96 kg (20.4 s.d.) , and her head circumference was 31.5 cm (21.3 s.d.). The parents were non-consanguineous and healthy.
At one month of age, she was referred to Saitama Children's Medical Centre because of dysmorphic features. Physical examination showed up-slanting palpebral ®ssures,¯at nasal ridge, short anteverted nostrils, high arched palate, small and deformed ears, and hypopigmented hair. External genitalia were feminised with hypoplastic labia majora. There were no major anomalies. Thereafter, she had developmental retardation, and was enrolled in a special school for mentally delayed children. At 8 1/12 years of age, her height was 125.2 cm (+0.1 s.d.), her weight was 23.7 kg (20.3 s.d.), and her head circumference was 49.6 cm (21.0 s.d.). She exhibited no signs of pubertal development. Abdominal ultrasound studies showed a rudimentary uterus and normal urinary system, and failed to detect gonadal structures.
Case 2
This girl was delivered at 37 weeks of gestation by a caesarean section due to breech presentation. At birth, her length was 45.0 cm (21.3 s.d.), her weight was 2.44 kg (21.2 s.d.), and her head circumference was 33.0 cm (+0.2 s.d.). The unrelated parents and the elder sister were clinically normal.
Shortly after birth, she was referred to Shizuoka Children's Hospital because of cardiac murmur and multiple anomalies. Cardiac evaluation revealed coarctation of the aorta, atrial septal defect, and patent ductus arteriosus, and a surgical operation was carried out for the congenital cardiac anomalies. Her dysmorphic features included trigonocephaly with fusion of the metopic suture, up-slanting palpebral ®ssures, at nasal ridge, short anteverted nostrils, and high arched palate. External genitalia were those of normal female infants. Subsequently, she had marked growth and developmental retardation. Abdominal ultrasonography at 2 years of age delineated a small uterus-like structure and normal urinary system, and failed to detect gonadal structures. At 2 4/12 years of age, her height was 69.8 cm (24.9 s.d.), her weight was 6.37 kg (24.0 s.d.), and her head circumference was 43.0 cm (23.1 s.d.). She had no pubertal development.
Methods
Endocrine studies
A gonadotrophin-releasing hormone (GnRH) test (100 mg/m 2 bolus i.v.; blood sampling at 0, 30, 60, 90, and 120 min) was performed in both cases. Serum follicle stimulating hormone (FSH), luteinising hormone (LH) and estradiol (E 2 ) were measured by the time-resolved¯uoroimmunoassay using Del®a kits (Pharmacia-Upjohn, Sweden). The intra-assay coef®cients of variation ranged between 2.0 and 5.6% for FSH, between 1.6 and 2.7% for LH, and between 1.9 and 4.6% for E 2 , and the inter-assay coef®cients of variation ranged between 3.7 and 4.5% for LH, between 2.5 and 3.0% for FSH, and between 1.2 and 3.0% for E 2 .
Conventional and molecular cytogenetic studies G-banding chromosome analysis was performed on 50 peripheral lymphocytes of case 1 and her parents and of case 2 and her mother. Fluorescence in situ hybridisation (FISH) analysis was carried out for lymphocyte metaphase spreads of cases 1 and 2, with a bacterial arti®cial chromosome (BAC) probe containing the marker 305J7-T7 (41-L13), a yeast arti®cial chromosome (YAC) probe containing D9S1779 (757A1), a YAC probe containing D9S1858 (765H2), a BAC probe containing DMRT1 (DMRT-1/BAC), a P1 phage arti®cial chromosome (PAC) probe containing D9S1136 (34H2), together with a BAC probe for APBA1 at 9q13±21 used as an internal signal control (2, 7±9). The probe for APBA1 was labelled with biotin and detected by avidin conjugated to¯uorescein isothiocyanate, and the remaining probes were labelled with digoxigenin and detected by rhodamine anti-digoxigenin.
Microsatellite analysis
Leukocyte genomic DNA of case 1 and her parents and of case 2 and her mother was ampli®ed by polymerase chain reaction (PCR) with¯uorescently labelled forward primers and unlabelled reverse primers de®ning 14 loci on 9p: D9S1779, D9S1858, D9S129, D9S143, D9S54, D9S1871, D9S288, D9S286, D9S168, D9S285, IFNA, D9S169, D9S165, and D9S1874. The primer sequences and the PCR conditions were as described in Genome Database (http://www.gdb.org). The PCR products were determined for fragment size on an autosequencer using GeneScan software 2.1 (ABI PRISM 310; Applied Biosystems).
Results
Endocrine studies
The results are summarised in Table 1 . GnRH tests showed mild hyper responses of FSH and LH in case 1, and FSH dominant mild gonadotrophin hyper responses in case 2. Serum E 2 was undetected in both cases.
Conventional and molecular cytogenetic studies
The karyotype was 46,XX,del(9)(p22) in case 1 (loss of a 9p region distal to the breakpoint at 9p22) and 46,XX,del(9)(p23) in case 2 (loss of a 9p region distal to the breakpoint at 9p23). The parents of case 1 and the mother of case 2 had normal karyotypes. The ®ve FISH probes de®ning different distal 9p regions (41-L13/BAC, 757A1/YAC, 765H2/YAC, DMRT-1/BAC, and 34H2/PAC) failed to detect positive signals on the abnormal chromosome 9 of cases 1 and 2 ( Fig. 1 and Table 2 ).
Microsatellite analysis
The results are summarised in Table 2 . In case 1, genotyping analysis con®rmed distal 9p monosomy with the breakpoint between D9S285 and D9S168, and showed the paternal origin of the deleted chromosome 9. In case 2, single peaks only were detected for all the 10 loci distal to IFNA, providing further support for the distal 9p monosomy; comparison of the fragment sizes between the patient and the mother was consistent with the single peaks being derived from the mother.
Discussion
Cases 1 and 2 had molecularly con®rmed distal 9p monosomy. In particular, the results of FISH analysis with 41-L13/BAC containing 305J7-T7, 757A1/YAC containing D9S1779, 765H2/YAC containing D9S1858, and DMRT-1/BAC, as well as those of microsatellite analysis for D9S1779 and D9S1858, are important ( Table 2) , because 305J7-T7, D9S1779, D9S1858, and DMRT-1 reside at positions ,190 kb, ,250 kb, ,400 kb, and ,700 kb respectively from the 9p telomere (1, 9) . The results imply that cases 1 and 2 had hemizygosity for the ,700 kb sex determining region distal to the exons of DMRT1 (3), although it might be possible that the abnormal chromosome 9 had an undetected cryptic complex rearrangement involving the sex determining region such as interstitial deletion preserving the telomeric 9p segment distal to 305J7-T7. Endocrine studies showed mild gonadotrophin hyper responses in both cases, as compared with the reference values (10, 11) . Interestingly, case 1 showed hyper responses of both FSH and LH whereas case 2 showed FSH dominant gonadotrophin hyper responses. In this regard, it has been reported that in Turner's syndrome a GnRH test usually results in FSH dominant gonadotrophin hyper responses in prepubertal age and hyper responses of both LH and FSH in pubertal and adult age (12, 13) . Thus, the variation in the gonadotrophin hyper response between cases 1 and 2 may be due to the age difference between the two cases. However, further clinical observation would be necessary to clarify whether the mild gonadotrophin hyper responses in the prepubertal age indeed represent mild primary hypogonadism (hypergonadotrophic hypogonadism). In addition, although ultrasound studies failed to delineate gonadal structures in both cases, this would not indicate defective ovarian development because of the dif®culty in ovarian detection in prepubertal girls.
Nevertheless, the present study provides some information on the gonadal development in XX females hemizygous for the 9p sex determining region. To date, gonadal assessment is possible only in two XX patients with distal 9p monosomy, and a striking contrast is suggested for gonadal developmental status in the two females. Muroya et al. It is likely, therefore, that the 9p sex determining gene(s) is involved in both testicular and ovarian development. This provides further support for the notion that the 9p sex determining gene(s) is operating in the formation of the indifferent gonad common to both sexes, rather than in the sex-speci®c testicular or ovarian development from the indifferent gonad (2) . It appears that haploinsuf®ciency of the 9p sex determining gene(s) primarily hinders the formation of the indifferent gonad, leading to a wide range of testicular or ovarian development. In this context, it should be pointed out that such phenotypic variability in haploinsuf®ciency is not speci®c to the 9p sex determining gene(s) but common to many genes involved in human development (14) . For example, haploinsuf®ciency of SOX9 results in a wide spectrum of sex development in XY patients, ranging from nearly normal male phenotype to nearly complete female phenotype (15) . Probably, haplo-insuf®ciency of developmental genes leads to a wide phenotypic spectrum, depending on other genetic and/or environmental factors. Case 1 had hypoplastic labia majora, and both cases had hypoplastic or rudimentary uterus on ultrasound examinations. Such abnormal external genitalia, as well as anal and renal anomalies, have also been described in several XX patients with distal 9p monosomy (16) , although uterine structures have been poorly examined. This suggests that the 9p sex determining gene(s), or other gene(s) on distal 9p, may be involved in the development of urogenital regions.
Cases 1 and 2 also had a constellation of minor anomalies and mental retardation consistent with 9p monosomy syndrome (16, 17) . In this context, Christ et al. (18) have performed genotype±phenotype correlations in a total of 24 patients with partial 9p deletions and clinical features compatible with 9p monosomy syndrome including trigonocephaly, up-slanting palpebral ®ssures, midface hypoplasia (¯at nasal ridge), and mental retardation, localizing the critical region for 9p monosomy syndrome to a 4±6 Mb segment between D9S286 and D9S285. Although it is unknown how many genes are involved in the development of 9p monosomy syndrome, this location of the critical region would primarily explain the presence of clinical features consistent with 9p monosomy syndrome in both cases reported here ( Table 2 ). In this regard, the absence of trigonocephaly in case 1 may be noteworthy, because trigonocephaly constitutes one of the salient clinical features in 9p monosomy syndrome (16±18). There are two possible explanations for the lack of trigonocephaly in case 1: (i) the deleted 9p chromosome of case 1 retains the gene for trigonocephaly and is missing the gene(s) for other features; and (ii) the gene for trigonocephaly has also been deleted from the abnormal chromosome 9 of case 1, but the expressivity has remained at a subclinical level. This matter will be clari®ed when the gene(s) for 9p monosomy syndrome has been cloned.
In summary, it appears that haploinsuf®ciency of the 9p sex determining gene(s) results in diverse sex development in XX as well as XY patients. Further studies will permit a better clari®cation of the phenotypic spectrum in haploinsuf®ciency of the 9p sex determining gene(s).
